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Abstract

Cell-cell communication underlies all emergent properties of the brain, including cognition,
learning and memory. The physical basis for these communications is the synapse, a multi-
component structure requiring coordinated interactions between diverse cell types. However,
many aspects of three-dimensional (3D) synaptic organization remain poorly understood. Here,
we developed an approach, seamless in situ trimming and milling (SISTM), to reliably fabricate
sufficiently thin lamellae for mapping of the 3D nanoarchitecture of synapses in mouse, monkey
and human brain tissue under near-native conditions via cryo-electron tomography (cryo-ET). We
validated SISTM in a mouse model of Huntington’s disease, demonstrating distinct 3D alterations
to synaptic vesicles and mitochondria. By successfully applying SISTM to macaque brain, we
described the 3D architecture of a tripartite synapse within the cortex. Subtomogram averaging
(STA) enabled spatial mapping of astrocyte-neuron contacts within the tripartite synapse,
revealing neurexin-neuroligin complexes as potential constituents that tether the two cell types.
Finally, we showed that the defining features of synaptic nanoarchitecture were conserved across
species and evident in human brain tissue obtained postmortem. Combining SISTM with cryo-ET
and STA is a starting point for a new understanding of brain organization, disease-induced

structural alterations and the development of rational, structure-guided therapeutics.
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Main

The cryo-electron microscopy (cryo-EM) revolution has enabled the visualization of
macromolecules at atomic resolution. Indeed, cryo-EM single-particle analysis (SPA) is the
ascendant approach for high-resolution structural reconstructions of vitrified macromolecules’?.
However, most SPA samples are purified and therefore imaged in vitro outside of their native
cellular environments. The development of in situ cryo-imaging approaches that visualize
structures in their native states within cells, and in the absence of chemical fixation or other
extrinsic manipulations that potentially distort cytoarchitecture, promises many important
biological insights®. The advent of in situ cryo-electron tomography (cryo-ET) has begun delivering
on this promise by three-dimensional (3D) imaging of macromolecules and organelles directly

within cells in healthy and disease states*”.

The application of in situ cryo-ET to the imaging of intact mammalian tissue represents the next
frontier of structural cell biology. A core principle of in vivo physiology is the coordinated activity
of different cell populations within the highly interactive tissue milieu. The brain best exemplifies
this principle given its highly complex, heterogenous cellular makeup®'2. Indeed, neurons exhibit
distinct, highly polarized cytoarchitectures that include morphologically complex pre- and
postsynaptic processes'"°. Individual neurons may receive upwards of 30,000 synaptic contacts
from other neurons, which represent the basic units of neuronal communication'®'®. These
contacts are highly plastic, and make adaptive changes based on their local environments''5:°,
Within brain tissue, neurons also require non-neuronal glial cells, such as astrocytes and

oligodendrocytes, to maintain synaptic communication®®2",

Furthermore, neuropsychiatric
diseases are closely associated with disruptions of these complex connections?*?. Thus, the
ability of in situ cryo-ET to directly image neurons, including their sub-cellular compartments and

connections, directly in brain tissue can provide novel insights into brain function and dysfunction.

Major technical challenges persist in applying cryo-ET to tissues, and brain in particular.
Foremost, the thickness of intact tissues makes it difficult to visualize subcellular details due to
inadequate penetration of the electron beam. To address this limitation, cryo-focused ion beam
(cryo-FIB) milling has been increasingly employed to generate lamellae sufficiently thin for cryo-
ET, particularly for imaging of isolated cells?*3?. Given the greater thickness of vitrified tissue
specimens compared to individual cells, the application of cryo-ET to tissues has been much more
limited®*-*8, This paucity of tissue-based studies is based on several factors including challenging

tissue preparation conditions since fresh, unfixed tissue is soft and difficult to handle. Another key
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challenge is production of sufficiently thin tissue samples for cryo-ET. The “lift-out” technique has
attempted to address this challenge by enabling extraction of thin lamellae for cryo-ET*. Yet,
despite recent improvements, the lift-out approach remains technically challenging with extremely

low success rates for most users, making it difficult to adapt to high-throughput applications®4°.

Due to the above technical challenges, most brain-related cryo-ET studies have bypassed brain
tissue, relying primarily on in vitro neuronal preparations*' or synaptosomes*?, which consist of
synaptic contacts isolated from their native tissue contexts. Furthermore, the few published in situ

cryo-ET studies of intact brain tissue®3"4

were either disease-focused, concentrating on
pathological structures in pre-clinical and clinical Alzheimer’s disease (AD), or described tool
development. To fully capitalize on the advantages unique to in situ cryo-ET in intact brain tissue,
we focused on questions concerning synapses and neuron-glia connections because these
structures serve as exemplars of complex cell-cell connections essential for brain organization
and function. Moreover, intact tissue avoids potential confounds associated with some
experimental models such as isolated cultured cells, which fail to capture the complexity of the
synaptic neuropil that exists in tissue. These model systems also often lack the capacity to
investigate connections between different cell types, such as neurons and astrocytes.
Consequently, many critical questions remain, including: 1) What is the structure and organization
of synaptic nanoarchitecture in situ and how is it impacted by disease states? 2) How do non-
neuronal glial processes interact with synapses from ultrastructure to the molecular level? and 3)
Are the defining features of in situ synaptic architecture conserved across species and evident in
human brain tissue obtained postmortem? To begin answering these questions and make the
approach more accessible, here we established a workflow termed seamless in situ trimming and

milling (SISTM) for cryo-ET imaging of brain tissue.

Design of the SISTM workflow

Our SISTM workflow for in situ cryo-ET imaging of mammalian brain tissue under near-native
conditions incorporates the following steps: (i) high-pressure freezing (HPF) in a modified carrier
that reliably vitrifies brain tissue. (ii) Exposing and trimming frozen brain tissue via cryo-
ultramicrotomy, followed by (iii) cryo-FIB-milling of the trimmed tissue to efficiently generate
ultrathin lamellae for (iv) in situ cryo-ET imaging (Figure 1a). This approach uses on-carrier
milling, avoiding lift-out and offering a more complete tilt range (+60°) (Figure 1b-g and Extended
Data Figure 1). Further advantages of this workflow include greater sample stability due to on-

carrier milling, generation of multiple usable lamellae from a single tissue sample, and seamless
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integration into existing downstream workflows for cryo-transmission electron microscopes (cryo-
TEM). Additionally, the SISTM method closely matches the geometry of lamella preparation (e.g.,
milling angle) with on-grid cell milling, which makes it possible to modify the existing autoTEM
software template for a semi-automated milling process. This results in a more user-friendly

approach compared to lift-out methods which rely on more time-consuming manual operation.

Brain tissue was placed into custom-designed aluminum carriers (Figure 1b) using a fine-tipped
brush, followed by immediate vitrification via HPF. A major advantage of our carrier design is the
capability to clip the carriers into autogrid rings. This avoids switching between different adaptors,
enabling simple shuttling of the carriers from HPF to cryo-FIB milling to subsequent cryo-ET
imaging. After HPF, the aluminum carriers were transferred to a holder termed the Intermediate
Specimen Holder (ISH) which was engineered for this application (Figure 1c, Panel i) to make
the carrier compatible with a conventional cryo-ultramicrotome. Carriers were then trimmed,
where a portion of the aluminum casing was cut away to expose ~30 um-thick frozen-hydrated
restricting the amount of tissue required for subsequent thinning, significantly diminishing
processing time and reducing risk of ice contamination. Pre-trimmed tissue was then cryo-FIB
milled to obtain 150-400 nm-thick lamellae for subsequent cryo-ET imaging. A key advantage of
our approach is the ability to fabricate at least 6-8 lamellae on a single carrier, each with ample
surface area (e.g., 15 um x 15 um, Figure 1e). This provides many potential regions of interest
for imaging and significantly increases the throughput of our workflow. Further, we achieved a
>85% success rate, producing 130 usable tilt series from only 9 imaging sessions. Sample
trimming also helps overcome a key bottleneck in cryo-ET data acquisition of cryo-FIB fabricated
lamellae — a restricted tilt range**. Based on the geometry of the trimmed carrier at the maximal
tilt angle relative to the electron beam, we calculated that a minimum distance of 80 um (Figure
1f-g, orange lines) from the carrier edge is required to achieve the full tilt range of +60°,
maximizing the quality and isotropic resolution of 3D tomographic reconstructions. With these
many advantages, we have been able to more easily generate cryo-tomographic data detailing
biologically important subcellular structures from brain regions relevant to both health and

disease.

In summary, the SISTM approach is less technically demanding and has a substantially higher
success rate for generating lamellae within tissue compared to other approaches. For example,

cryo-lift-out has a generally low success rate and high likelihood of ice contamination***’. On the
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other hand, the recently developed waffle method can improve success rates for generating
usable lamellae*®. However, the waffle method’s tilt angle range is constrained, thereby limiting
cryo-ET data acquisition®®. Collectively, our SISTM method addresses the key technical
bottlenecks of earlier approaches, creating a more accessible, robust workflow for in situ cryo-ET

of tissues.

Detailed 3D nanoarchitecture of mouse brain neuropil via SISTM

We first applied the SISTM workflow to in situ cryo-ET imaging of wild-type (WT) mouse brain
cortical tissue. The SISTM approach offered sufficient contrast and spatial resolution to reveal
distinct neuronal compartments and their organelles within brain neuropil (Figure 2). For example,
within axonal boutons, abundant synaptic vesicles (SVs) were visualized (Figure 2a-b). The
average diameter of these vesicles was 41.8 + 0.7 nm, consistent with canonical SV size*>*.
Mitochondria with extensive cristae as well as distinct outer and inner membranes were also
readily identified (Figure 2b). Moreover, we resolved a multivesicular body (MVB) (Figure 2c),
which contained internal vesicles with a mean diameter of 49.2 + 1.6 nm, in line with previously
published values®'*2. Dendritic spines were also visualized, often confirmed by the presence of a
spine apparatus (SA; Figure 2d). Spine apparatuses were characterized by multiple cisterns of
presumptive smooth endoplasmic reticulum (SER) intercalated with electron-dense inner plates®®.
Additionally, Type 1 glutamatergic synapses were identified in the mouse cortex (Figure 2e). Type
1 synapses are distinguished by 1) a presynaptic axonal bouton filled with SVs that is 2) separated
by a synaptic cleft from 3) the postsynaptic structure which contains an electron-dense
postsynaptic density (PSD)**. The PSD is comprised of neurotransmitter receptors, cytoskeletal
elements, and signal transduction proteins required for neurotransmission®. SISTM therefore
provides a new and more accessible means to study the fundamental unit of neural

communication, the synapse, under near-native conditions and in 3D.

Neuronal organellar abnormalities in a Huntington’s disease mouse model

We next applied our SISTM workflow to assess neurodegenerative pathology in situ via cryo-ET
of the R6/2 mouse model of Huntington’s disease (HD)*. Imaging of R6/2 mouse caudate-
putamen (CPu) revealed intracellular morphological abnormalities compared to WT mice (Figure
3a-b). Though mitochondria from WT mice showed extensive, well-organized and thin cristae
(Figure 3a), mitochondria from R6/2 mice exhibited dilated cristae (Figure 3b). We quantified
cristae width and inner/outer mitochondrial distance, core mitochondrial ultrastructural features.

The average cristae width in R6/2 mitochondria was significantly greater compared to WT (Figure
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3c). On the other hand, there were no significant differences in the distance between the outer
and inner mitochondrial membranes in R6/2 versus WT mice (Figure 3d). Our structural findings
are consistent with earlier studies implicating mitochondrial dysfunction as a key feature of HD*’,
and more recent work demonstrating HD-induced alterations in cristae architecture*'*. Indeed,
we previously demonstrated that synaptic mitochondria are specifically impacted early in R6/2
mice. The mechanism for this mitochondrial dysfunction is linked to binding of mutant huntingtin

directly to mitochondrial TIM23, thus playing an early and direct role in HD pathology®®.

Given increasing evidence of synaptic dysfunction in HD®°, we also examined presynaptic
structures in R6/2 versus WT CPu (Figure 3e). The average SV diameter (Figure 3f) and density
(Figure 3g, Extended Data Figure 2) were significantly lower in R6/2 mice compared to WT.
These morphological alterations suggest a structural basis for the abnormal glutamatergic
synaptic neurotransmission reported in HD patients and mouse models®'. Mechanistically,
huntingtin protein plays a direct role in maintaining SV dynamics, including docking and recycling

6263 consistent with

of SVs in boutons. Accumulation of mutant huntingtin impairs these processes
our findings. Further work will leverage the strengths of cryo-ET to elaborate upon preexisting
biochemical and functional evidence of synaptic dysfunction through the direct study of huntingtin-

SV interactions directly within individually resolved synaptic units in affected tissue.

3D nanoarchitecture within intact macaque brain

The dorsolateral prefrontal cortex (DLPFC) is a multi-modal association area that is uniquely
expanded in primates and plays a central role in mediating core processes such as cognitive
control®*. DLPFC neuronal synaptic dysfunction is strongly implicated in the pathophysiology of
serious mental illness, such as psychotic spectrum disorders®®®. We therefore investigated
individual synapses within primate DLPFC tissue in the near-native state via the SISTM workflow.
Neuronal viability of the sampled DLPFC tissue from a macaque monkey was first evaluated ex
vivo. Morphological reconstructions of glutamatergic pyramidal neurons recorded ex vivo
revealed intact and extensive dendritic and axonal arbors (Extended Data Figure 3a). Consistent
with these well-preserved structures, cryo-ET of DLPFC from the same monkey revealed intact
myelinated axons (Extended Data Figure 4). Recordings from the reconstructed neurons
demonstrated spontaneous excitatory postsynaptic currents (SEPSCs; Extended Data Figure
3b) and evoked action potential firing (Extended Data Figure 3c). These results confirmed that
glutamatergic neuron function and effective synaptic transmission were both well-preserved in the

monkey DLPFC tissue sample used for cryo-ET.
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In situ cryo-ET imaging of DLPFC tissue from the same macaque monkey revealed a tripartite
synapse (Figure 4a-b, Supplemental Movie 2) comprised of 1) a glutamatergic bouton forming
a Type 1 synapse onto 2) a dendritic spine head, surrounded by 3) an astrocytic process that
formed two physical contacts on either side of the spine head (Figure 4c, panels i-iii). The
presynaptic bouton was densely packed with SVs, including some docked at the active zone. SVs
were spherical with a mean diameter of 38.47 + 0.47 nm (range: 30-52 nm; Extended Data
Figure 5), consistent with earlier measurements in monkey brain®%°. The postsynaptic spine
contained a prominent PSD, and an elaborate SA distinguished by laminated cisterns separated
by dense plates (Figure 4a-b). Quantification of the three contact sites revealed that the Type 1
synaptic cleft width (19.02 £ 0.34 nm) was more than 50% greater than astrocyte-neuron contact
1 (10.90 + 0.24 nm) and astrocyte-neuron contact 2 (11.90 + 0.25 nm) clefts (Figure 4d), also

consistent with prior measurements’®"".

We identified electron-dense structures that were distributed throughout both astrocyte-neuron
contact sites, spanning the clefts (Figure 4e; Supplemental Movie 2). These densities were
resolved by subtomogram averaging (STA) to reveal a nanocolumn-like 3D architecture (Figure
4e). The initial subtomogram average showed a pseudo-2-fold symmetry, and it was difficult to
assign its orientation when mapping back into the tomogram. In other words, it was not possible
to ascertain which side of the averaged density belonged to the astrocyte versus the neuron. To
establish the correct particle orientations, we developed a new approach that introduced an
artificial fiducial on one side of the averaged density. Mapping the augmented density back into
the tomogram clarified the correct orientations of the individual particles (Extended Data Figure
6). Correcting the orientations and refining the average again, we generated a final averaged
density which revealed a slightly asymmetrical central stalk bridging the astrocyte and neuron
membranes (Figure 4f;, Extended Data Figure 6). We also found a smaller density emerging
from the neuronal membrane into the cytoplasm of the dendritic spine head (Figure 4f). The
Fourier Shell Correlation (FSC) curve indicated an ~60 A resolution at the gold-standard
0.143 threshold (Extended Data Figure 7). Taken together, our fiducial approach offers a new
tool with which to study intrinsically asymmetric superstructures (e.g., different adjacent cell type-
specific membranes) in 3D within their native biological systems. Just as importantly, this artificial
fiducial approach offers a relatively simple, efficient method of applying directional restraints to

subtomographic reconstructions.
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In identifying the macromolecule(s) corresponding to the resolved 3D structure, the most logical
candidates were adhesion molecules’®. Though neurexin-neuroligin interactions are mostly
studied in synaptic contacts, these molecules are also enriched at astrocyte-neuron contacts near
Type 1 excitatory synapses, making them top candidates’"*. We therefore fitted an experimental
atomic model of neuroligin-1/neurexin-1p’° back into the tomogram (Figure 4f). The atomic model
fit into the density well with neurexin-1p oriented towards the neuron and neuroligin-1 oriented

towards the astrocyte, consistent with prior work”™ (

Figure 4f, Supplemental Movie 2). In
contrast, we also attempted to fit a LRRTM2-neurexin-1p complex’® into the density as a negative
control given its exclusive localization to neuron-neuron synaptic contacts’’. However, docking
the atomic model into the density resulted in a considerably poorer fit that protruded into both the
neuron and astrocyte membrane regions (Extended Data Figure 8). In addition to the central
stalk, the map features a smaller density protruding from the neuronal membrane into the dendritic
spine head cytoplasm (Figure 4f arrowhead). Presently, we do not have sufficient resolution to
identify candidates for this secondary density. However, with improved resolution, further work will

establish its identity.

Elucidating the identity and organization of the scaffolding underlying astrocyte-neuron contacts
provides a mechanism by which astrocytes can support and maintain synaptic
microenvironments. These data are also relevant to better understanding disease states in the
brain. Indeed, the relationship between astrocytes and neurons at synapses was recently
implicated both in normal human inter-individual differences and as a key point of convergence
for multiple types of brain pathophysiology’®. Future work will focus on examining these densities

at higher resolution to definitively validate the present candidate molecules.

Subcellular axonal bouton architecture in postmortem human brain

We next applied our SISTM workflow to examine human brain nanoarchitecture. DLPFC was
obtained postmortem from a 45-year-old male who died suddenly and out-of-hospital from
cardiovascular disease. This individual had no lifetime history of neuropsychiatric disorders and
no neuropathologic findings. Immediately upon receipt of the brain (postmortem interval, 8.3
hours), a sample of DLPFC was excised and cryo-preserved via HPF to avoid potential artifacts
associated with freeze-thawing or fixation and sectioning. Our rationale for using postmortem
human brain tissue was guided by the substantial literature of rigorously conducted research

studies that inform human brain structure and function across the circuit, cellular, and molecular
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levels’®'. This is coupled with a small, but growing, literature demonstrating the validity of HPF-

preserved postmortem human brain tissue in cryo-ET%43,

In situ cryo-ET imaging of human DLPFC revealed multiple components of the neuropil (Figure
5). Intact axonal boutons filled with SVs and containing mitochondria were readily visualized
(Figure 5a-c). SVs were well-defined and spherical with a mean diameter of 41.38 + 0.58 nm
(range: 30-52 nm; Figure 5d), consistent with the measures obtained here from mouse cortex
(Figure 3f), monkey DLPFC (Extended Data Figure 5), and prior work in human neocortex??.
We identified a cluster of SVs in close apposition to the axonal bouton plasma membrane that
were flanked by a putative SER cisterna (Figure 5b). These SVs appeared to be clathrin-coated,
with visible triskelion spikes protruding from the SV membranes (Figure 5¢). On average, spikes
were 28.80 = 1.75 nm long (range: 15-55 nm; Figure 5e), in line with prior measurements®®.
Clathrin-coated SVs are indicative of dynamic vesicle recycling in response to neuronal activity®.
Presence of a cisterna-like structure alongside SVs has been previously described as either
SER® or an ER-derived phagophore*®. SER/clathrin-coated vesicular microenvironments within
axonal boutons likely facilitate efficient exchange of lipids between the compartments to foster
vesicle recycling®®. Since the SER serves as a major reservoir of Ca?*, this proximity also enables
rapid local, Ca?*-mediated vesicle fusion®. Altogether, these data further support the validity of
postmortem human brain tissue as an accurate representation of dynamic brain processes, as
well as the ability to conduct quantitative studies via SISTM of human brain tissue in the near-

native state.

Conclusions

Overall, the SISTM approach significantly simplifies and increases the throughput of in situ cryo-
ET, including in tissues as challenging as brain. This robust workflow has a low failure rate,
increased throughput efficiency, and a more complete tilt range, thereby increasing the likelihood
of discovering novel 3D biological data within a tissue previously challenging to image via
cryogenic methods. We demonstrated the validity of this approach across different species,
disease models, and brain regions. Combining SISTM with STA offers the ability to identify and
visually map protein assemblies with spatial specificity in their native environments. We applied
SISTM to image 3D synaptic architecture within intact cryo-preserved brain tissue from mouse,
macaque, and human. In a mouse model of HD, we directly visualized the impact of HD-related
pathology on presynaptic organization, finding altered 3D mitochondrial and SV structures. Within

macaque DLPFC, we visualized the 3D organization of a tripartite synapse, demonstrating the
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nanoarchitecture of neuron-neuron and neuron-astrocyte connections. Moreover, we resolved
densities within neuron-astrocyte connections, generating a novel fiducial approach for identifying
putative constituents and their directionality. Finally, we show that the defining features of in situ
synaptic architecture are conserved across species and evident in human brain tissue obtained
postmortem. Overall, our approach demonstrates a promising path forward in understanding the

unique subcellular nanoarchitecture of brain by combining structural data with cell biology.

Materials and Methods

Mice. Mice were maintained on a 12:12 hour light:dark cycle with food and water available ad
libitum. Mice included a range of 9-29-week-old C57BL/6J (The Jackson Laboratory, Bar Harbor,
ME; JAX no. 000664). The mice were anesthetized with isoflurane, transcardially perfused with
phosphate-buffered saline (PBS), and then euthanized by decapitation. Brains were rapidly
removed and maintained in ice-cold PBS or artificial cerebrospinal fluid (ACSF) for the duration
of tissue collection. For studies using R6/2 mice, we employed male 9-week-old R6/2 (The
Jackson Laboratory; JAX no. 002810) and wild-type (WT) littermates. R6/2 mice overexpressed
human huntingtin exon 1 with a CAG expansion to 170 + 10 Q as described previously®®. The
CAG repeat length was monitored every breeding cycle, and only male mice with CAG repeat
lengths in this range were mated. On the experimental day, R6/2 and WT littermate mice were
euthanized with carbon dioxide, transcardially perfused with cold PBS, followed by rapid removal
of brains. The brains were then maintained in cold ACSF and delivered within 10 minutes of
collection in ice cold state. All mouse experiments were approved by the University of Pittsburgh
Institutional Animal Care and Use Committee (IACUC; protocols# 22030772, 23124171). Animals

were cared for in accordance with the ARRIVE guidelines for reporting animal research?’.

Monkey. One male rhesus macaque aged 4 years and 9 months was maintained on a 12:12 hour
light:dark cycle. The monkey was deeply anesthetized and perfused transcardially with ice-cold
ACSF. The brain was removed and maintained in ice-cold ACSF for the duration of the tissue
collection. All animal procedures were performed in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals and were approved by the University
of Pittsburgh IACUC (protocol# 19024431).

Human Subject. The brain specimen was obtained during an autopsy conducted at the Allegheny

County Office of the Medical Examiner (Pittsburgh, PA) after obtaining consent from next-of-kin.
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An independent committee of experienced research clinicians confirmed the absence of any
lifetime psychiatric or neurologic diagnoses for the decedent based on medical records,
neuropathology examinations, toxicology reports, as well as structured diagnostic interviews
conducted with family members of the decedent %, The subject selected for study was a 45-
year-old white male who died suddenly and out-of-hospital by natural causes from cardiovascular
disease. The postmortem interval (defined as the time elapsed between death and brain tissue
preservation) was 8.3 hours. Brain tissue pH was measured as 6.3, and RNA Integrity Number
was determined as 8.5. These values reflect excellent tissue quality. All procedures were
approved by the University of Pittsburgh’s Committee for the Oversight of Research and Clinical

Training Involving Decedents and the Institutional Review Board for Biomedical Research.

High Pressure Freezing. Brain tissue was sub-sectioned so that the region of interest was
accessible for dissection. Dissected tissue was thinned and transferred directly into an aluminum
carrier using a fine-tipped brush (Dynasty Brush, Glendale, NY; SC2157R, 5/0). Carriers were
custom-designed for compatibility with high pressure freezing (HPF) and cryo-ultramicrotomy
(Engineering Office M. Wohlwend GmbH, Sennwald, Switzerland). Carriers had a diameter of 3.0
mm, with a 0.5 mm recessed edge and a slot-shaped specimen well (1.4 mm x 0.2 mm x 0.15
mm) compatible with the Leica EMPACT2 HPF system (Leica Microsystems, Wetzlar, Germany)
(see Figure 1). Immediately upon tissue transfer, carriers were loaded into a bayonet pod and
torque-locked with 35.0 Ncm (Newton centimeters) of force. HPF was immediately completed at
a minimum pressure of 2000 bars, and frozen samples were stored in liquid nitrogen until further

use.

Cryo-Trimming. The HPF carrier was loaded into the precooled Intermediate Specimen Holder
(ISH) and transferred to the clamping chuck of the Leica UC6/FC6 cryo-ultramicrotome (Leica
Microsystems) via fine forceps. Using a diamond knife (Diatome, Biel, Switzerland), a portion of
the aluminum carrier was trimmed away to expose tissue. To reduce cryo-focused ion beam (cryo-
FIB) milling time, the sample was further trimmed to ~30 um thickness (see Figure 1). After

trimming, the carrier was stored under liquid nitrogen for later cryo-FIB milling.

Cryo-FIB Milling. The pre-trimmed specimens were first clipped into FIB-autogrids by aligning
the exposed tissue with the milling slot. Samples were then loaded into an Aquilos 2 cryo-FIB
(Thermo Fisher Scientific/FEI, Hillsboro, OR) and milled to generate lamellae approximately 150-

400 nm thickness. Detailed steps are described below:
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Step 1: Once the sample was loaded, a thin platinum conductive layer was sputtered onto the
sample to reduce charging. Next, an organo-platinum deposition was applied using a gas injection
system (GIS) to protect the lamella during the milling process and to prevent curtaining artifacts.
The sample was then rotated and tilted to face the ion beam perpendicularly. A 90° FIB milling
was performed to remove a layer of tissue from the edge, preparing a smooth surface for further

lamella preparation.

Step 2: Following the initial 90° cut, the exposed tissue surface was re-coated with Pt GIS. The
sample was then rotated and tilted to stage positions where the FIB incidence angle ranged from
8° to 18°. At this point, the sample was prepared for progressive thinning in a stepwise manner,
ensuring no curtaining artifact was introduced. The first round of thinning used 15 nA, and by the
end of the process, the lamella had final dimensions of 10 um in thickness, 200-250 ym in width,
and 100 ym in depth.

Step 3: The lamella was further thinned and divided into two lamellae. Specifically, cryo-FIB
milling (5 nA) of the top and bottom reduced the thickness of the lamella to 3 ym. Two lamellae

were then fabricated with the final dimensions of 100 ym width and ~60 um depth.

Step 4: The thickness of the lamellae was reduced to 1 ym by cryo-FIB milling (0.3 nA). Six to
eight 20-um-wide lamellae were fabricated from the original two lamellae with a final depth of ~40

gm per lamella.

Step 5: The six to eight lamellae were thinned to a 500 nm thickness by cryo-FIB milling (0.1 nA).

Each lamella was ~18 ym wide and ~20 uym deep.

Step 6: In the final cryo-FIB milling step (50 pA), the six to eight lamellae were polished to 150-

400 nm, resulting in lamellae of sufficient thinness for in situ cryo-ET imaging.

All cryo-FIB-milling steps were continuously monitored via scanning electron microscopy (SEM).
Images were recorded with secondary electrons from the ion beam (30 kV, 10 pA) with frame

integration and use of an “ETD” detector.

Cryo-Electron Tomography. Samples containing lamellae were rotated 90° and loaded into an
FEI Titan Krios 3Gi cryo-transmission electron microscope (TEM) equipped with a Falcon 4i direct
electron detector and Selectris energy filter (Thermo Fisher Scientific/FEI). Cryo-micrographs

were recorded from the cryo-FIB milled lamellae with a 3.57 A pixel size, 300 kV electron beam,
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zero-loss energy filtering (20 V slit), 5-10 ym defocus. A dose symmetric tilt scheme was
implemented using Tomo 5.16 software (Themo Fisher Scientific) to collect tilt series from -60° to

+60° with 2° increments. The total electron dose of each tilt series was ~100 e /A2,

Tomographic Reconstruction and Annotation. Dose-fractionated video frames were imported
into Warp software (v1.0.9) for frame alignment and initial contrast transfer function (CTF)
estimation %. Tilt series stacks were generated in Warp and imported into etomo within the IMOD
software package (v4.11.25) for alignment with patch tracking. Lower quality frames were
excluded with etomo before alignment. Tomograms were reconstructed via weighted back
projection and simultaneous iterative reconstruction technique (SIRT)-like filtering. Tomograms

were 8x-binned for segmentation with MemBrain V2 (https://github.com/teamtomo/membrain-

seq)® and Amira3D software (Thermo Fisher Scientific, Bordeaux, France).

Subtomogram averaging. The macaque brain dataset was processed using RELION-5.0 (beta-
4-commit-8219dd). Data were imported into the RELION-5.0 tomography pipeline, and then the
raw tilt series were motion-corrected using RELION’s implementation of MotionCor2%. CTF was
estimated using CTFFIND-4.1% around the nominal defocus of 10 um and a maximum resolution
of 30 A. Tilt series were manually inspected, and poor tilt images were removed using a Napari
plug-in in the RELION-5.0 tomography pipeline®. Curated tilt series were automatically aligned
using the IMOD wrapper for patch-tracking alignment in RELION with a patch size of 100 nm and
overlap percentage of 50. The tomogram was reconstructed in RELION at a pixel size of 28.8 A

for visual inspection and particle picking.

Within the tomogram, at each astrocyte-neuron contact, electron-dense structures that spanned
the contact clefts were visually identified. The coordinates of each bridging structure were
obtained by drawing a line from the astrocyte membrane to the neuron membrane in the IMOD
model to calculate the centroid. The Euler angles were assigned with respect to the tomogram

coordinate system using a custom-written Python script, EulerMate (https://gitlab.com/ccpem). A

total of 48 bridging structures from the two astrocyte-neuron contacts were picked. RELION’s
Extract subtomogram job extracted the corresponding subvolumes in 32 voxel boxes at a pixel
size of 14.28 A. Using the same dataset, an initial reference was generated by running RELION’s
Reconstruct particle job. The particle set was refined using Refine3D with the reference lowpass-
filtered to 60 A, without a mask, and with a particle diameter of 200 A in C1 symmetry. The local

refinements of all Euler angles were limited to 9° about priors. The tilt series was further optimized
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with an unbinned reference in a box size of 64 voxels without fitting per-particle motion in
RELION’s Bayesian Polishing job. Particles were re-extracted from the optimized tilt series in 32
voxel boxes at a pixel size of 14.28 A and refined as before using a spherical mask over the

central bridging structure.

We next mapped the initial subtomogram averaged density back into the tomogram. The
optimized particle coordinates and Euler angles were read from run_data.star from the Refine3D
job. The coordinates were properly scaled to a desired pixel size and mapped into pixel
coordinates. The subtomogram average was also scaled to the same pixel size. The Euler angles
were converted into rotation matrices, and the subtomogram density was rotated by these
matrices to obtain the correct orientation of individual particles. The rotated density was placed
back into the tomogram using the pixel coordinates of the respective particles. Inspection of the
particles mapped back into the tomogram revealed a total of 18 particles that did not align well
with corresponding particle densities, resulting in their manual exclusion. Using the remaining 30
particles, an average density was reconstructed in a box of 32 voxels at a pixel size of 14.28 A
in RELION.

Determining orientation of the subtomogram average with respect to the tomogram

The subtomogram average showed a pseudo-2-fold symmetry making it difficult to assign the
orientation of the average with respect to the tomogram, i.e., determining the orientation of the
averaged density relative to astrocyte and neuron sides of the respective contacts. To properly
assign orientations, we introduced an artificial fiducial. The fiducial was generated by producing
a cube (3 x 3 x 3 voxels with a pixel size of 28.8 A®) on one side of the averaged density, which
was then mapped back into the tomogram. After identifying the correct orientation using the
fiducial, the particles (now without the fiducial) underwent an additional round of refinement in
RELION. As before, the local refinements of all Euler angles were limited to 9° about priors. Upon
convergence, the full-map was generated from the half-maps, FSC-weighted, and sharpened via
EMDA software®.

Docking molecular models

Model biological assemblies of candidates for docking into our subtomogram averaged density
were retrieved from the Protein Data Bank (PDB). Candidates for docking included the neuroligin-
1-neurexin-1p complex (PDB 3BIW)"®, and LRRTM2-neurexin-1p complex (PDB 5Z8Y)’®. Solvent

atoms and unneeded chains were removed using PyMOL software (version 3.0; Schrddinger, L.,
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DelLano W., 2020, http://www.pymol.org/pymol); in the case of PDB 3BIW, chains A and E were

selected to form the dimer for subsequent fitting. The resultant models were docked into the
density map via the “fit in map” tool in the UCSF Chimera software package®. The neuroligin-1-
neurexin-13 complex returned a real-space correlation coefficient (RSCC) of 0.79 when
positioned between the membrane regions as expected. The LRRTM2-neurexin-1p3 structure
yielded a RSCC of 0.77. However, in contrast to the neuroligin-1-neurexin-13 complex, both ends
of the LRRTM2-neurexin-13 complex clearly extend into the membrane region (Extended Data

Figure 8), therefore discounting it as a plausible solution.

Electrophysiology

Monkey brain slice preparation. Tissue blocks containing the principal sulcus region of DLPFC
area 46 from the right hemisphere were obtained from the same male rhesus macaque used for
cryo-ET imaging. Tissue slices were cut at 300 um thickness in the coronal plane starting from
the rostral end of the tissue blocks using a vibrating microtome (VT1200S, Leica Microsystems)
while submerged in ice-cold sucrose-artificial cerebrospinal fluid (ACSF). Immediately after
cutting, the slices were transferred to an incubation chamber filled with room-temperature ACSF.

Electrophysiological recordings were obtained 1-14 hours after tissue slicing was completed.

Targeting of cells for recordings in acute brain slices. Acute brain slices were placed in
recording chambers superfused at 2-3 ml/min with oxygenated ACSF at 30-32°C. To record
spontaneous excitatory postsynaptic currents (sEPSCs), the GABAa receptor antagonist
SR95531 (10 pM, Sigma-Aldrich, St. Louis, MO) was added to the ACSF. Whole-cell recordings
were obtained from pyramidal neurons identified visually by infrared differential interference
contrast (IR-DIC) and epifluorescence video microscopy using Olympus or Zeiss microscopes
equipped with CCD video cameras (EXi Aqua, Q-Imaging, Surrey, Canada). Cells identified as
pyramidal neurons were targeted for recordings in layers 3 to 5/6 of either medial or lateral banks

of the principal sulcus in DLPFC area 46.

Electrophysiological recordings and analysis. Recording pipettes had 3-5 MQ resistance
when filled with either of the two different solutions. For voltage- and current-clamp recordings,
pipettes were filled with potassium gluconate (KGluconate)-based pipette solution (composition,
in mM: KGluconate 120; KCI 10; EGTA 0.2; HEPES 10; MgATP 4; NaGTP 0.3,
NaPhosphocreatine 14, biocytin 0.4 %; pH 7.2-7.3, adjusted with KOH). Biocytin (0.4%) was

included to fill the cells during recordings for subsequent cell visualization as described earlier *'.
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Voltage clamp. Recordings were obtained using Multiclamp 700A or 700B amplifiers (Axon
Instruments, Union City, CA) operating in voltage clamp mode. The data were digitized at 50 kHz
with Power 1401 digital-to-analog converters using Signal 5 or Signal 7 software (Cambridge
Electronic Design, Cambridge, UK). Recordings were performed without employing series
resistance (Rseries) compensation, while the Rseries was measured offline using in-house written
Signal scripts®. The Rseries was monitored throughout recordings using small depolarizing or
hyperpolarizing voltage steps (10 mV, 50 ms) delivered near the onset of each sweep. Sweeps
were accepted for analysis only if the Rseries increased less than 20% of the initial value. Synaptic
currents were recorded holding the somatic membrane potential at -80 mV. Synaptic current
events were detected using NeuroMatic software® with a sliding threshold search algorithm'® to
measure: 1) event frequency (number of events detected divided by the time window analyzed);

2) the average peak amplitude; and 3) the individual sEPSC amplitudes.

Current clamp. Recordings and data analysis were conducted with Multiclamp 700A or 700B
amplifiers (Axon Instruments) operating in bridge mode with pipette capacitance

neutralization®”-%

. Recordings were included in data analysis only if the resting membrane
potential was < -60 mV. Membrane properties were measured using families of 1 s current steps,
starting from -110 pA until reaching at least 250 pA above rheobase, incrementing by 10 pA (2
repeats per current level). The procedures for measurements of membrane properties were

previously described® %,

Morphological reconstruction of biocytin-filled neurons

For biocytin visualization, brain slices were resectioned at 60 ym, incubated with 1% H20O., and
immersed in blocking serum containing 0.5% Triton X-100. Sections were then incubated with the
avidin—biotin—peroxidase complex (1:100; Vector Laboratories, Newark, CA), stained with the
nickel-enhanced DAB chromogen, and then mounted on gelatin-coated slides, dehydrated, and
cover slipped. Three-dimensional reconstructions of the dendritic arbor were performed using the

Neurolucida tracing system (MBF Bioscience, Williston, VT).
Data availability

Subtomogram averaging data will be deposited in the Protein Data Bank. Customized computer

code will be deposited in Github.
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Figure 1. SISTM workflow for preparation of fresh brain tissue for in situ cryo-electron
tomography. (a) Overview of the workflow. (i) A 100-200 um-thick sample of fresh brain tissue is
painted into an aluminum carrier which is loaded into a high-pressure freezer (HPF) for immediate
cryo-preservation; a representative image of fresh mouse brain is shown. (ii) The high-pressure
frozen sample is subsequently trimmed in a cryo-ultramicrotome to ~30 um thickness. (iii) The
sample is thinned via cryo-focused ion beam (cryo-FIB) milling to a final 150-400 nm thickness
followed by (iv) imaging of the lamellae in a cryo-transmission electron microscope (cryo-TEM).
(b) An overhead schematic of the HPF carrier with brain tissue (pink) filling the carrier slot. (c) For
cryo-trimming, the aluminum HPF carrier is loaded into an Intermediate Sample Holder (ISH) by
means of a loading block (Panel i), which releases the spring tension. The HPF carrier is
supported during trimming by the spring tension of the ISH (Panel ii). A representative image of
the cryo-trimmed carrier in the ISH; arrow indicates the sample location (Panel iii). (d) A
representative image of the trimmed HPF carrier clipped into an autogrid ring to facilitate
subsequent shuttling of the sample for cryo-FIB milling and imaging. (e) Schematic illustrating the
progressive thinning of cryo-preserved brain tissue. The HPF carrier is first timmed away via
cryo-ultramicrotomy to expose brain tissue (Panel i with 90° views). This is followed by
progressive cryo-FIB milling to fabricate lamellae that are sufficiently thin to enable cryo-electron
tomography (cryo-ET) imaging (Panel ii with 90° view). (f) Overview of the cryo-trimming strategy
of the HPF carrier for cryo-ET. Side view of the trimmed carrier illustrates the optimal cryo-
trimming of ~60 um from the top of the carrier (red double arrow) and ~100 um from the bottom
of the carrier (black double arrow). This leaves a 20-30 um-thick shelf of tissue exposed on the
top and bottom that is stabilized by the remaining carrier on the sides. The tissue shelf extends
~80 um from the body of the carrier (orange). (g) When the carrier is oriented at a 60° tilt angle,
a minimal trimming depth of ~80 um (orange), represented by the tissue shelf, permits

unobstructed imaging across the full tilt angle range (£60°).
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Figure 2. In situ cryo-ET of mouse cerebral cortex. Left panels show representative 2D slices
from cryo-tomograms, and right panels are the corresponding segmentation of key subcellular
structures. (a) Axonal boutons (lavender) containing clusters of synaptic vesicles (SVs, blue). The
bottom bouton also contains a putative SER cisterna (olive green) alongside the SVs. (b) Two
mitochondria (M, red) exhibit characteristic double membranes enclosing the matrix and cristae.
(c) Multivesicular body (MVB, orange) located in a neuronal compartment. (d) Spine apparatus
(SA, yellow) in a dendric spine (fuchsia). Characteristic electron-dense plates separating the SA
cisternae are present (yellow asterisks) (e) Type 1 synapse. An axonal bouton (lavender),
containing SVs (blue) and a mitochondrion (M, red), forms a synapse onto a dendritic spine

(fuchsia) containing the postsynaptic density (PSD, brown). Scale bars = 100 nm.
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Figure 3. Neuronal subcellular ultrastructural abnormalities in a Huntington’s disease
mouse model. (a & b) Caudate/putamen (CPu) from wild-type (WT) control (a) and Huntington’s
disease model (R6/2) (b) mice. Representative 2D slices from cryo-tomograms (left panels) and
corresponding segmentation of the subcellular features (right panels) are shown. Mitochondria in
R6/2 mice exhibited noticeably wider cristae. (¢) Quantification of mitochondrial cristae width
supported this observation, with significantly wider cristae in R6/2 mice relative to WT controls.
(d) The mean distance between outer and inner mitochondrial membranes did not significantly
differ between R6/2 and WT controls. (e) Representative 2D slices from cryo-tomograms showing
SVs from WT (top) and R6/2 (bottom) mouse CPu. (f) Cumulative frequency distributions for SV
diameter significantly differed between WT controls and R6/2 mice. (g) Comparison of SV density
from WT and R6/2 mouse CPu revealed significantly lower SV density in boutons. Scale bars =
100 nm. Data represented as mean £ SEM. ** p<0.01, **** p<0.0001.
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Figure 4. Synaptic nanoarchitecture in macaque DLPFC. (a & b) A representative 2D slice
from cryo-tomograms (a) and corresponding segmentation (b) of a tripartite synapse. The
postsynaptic dendritic spine (fuchsia) receives three contacts: i) Type 1 synapse, ii) astrocyte-
neuron contact 1, and iii) astrocyte-neuron contact 2. The Type 1 synapse consists of an axonal
bouton (lavender) containing SVs (blue) contacting the dendritic spine with a prominent
postsynaptic density (PSD, brown). The spine also contains a spine apparatus (yellow) with
interspersed electron-dense plates (yellow asterisks) separating the spine apparatus cisternae.
At two distinct sites, the astrocytic process (teal) is directly apposed to the spine head and forms
Quantification of the apposition distances between Type 1 synapse and the two astrocyte-neuron
(A-N) contacts, respectively. (e) Subtomogram averaged (STA) density (green) mapped into the
tomogram overlaid on a cryo-ET slice, highlighting the spatial distribution along the astrocyte-
neuron contacts. (f) STA density map of properly orientated picked particles. The map features a
prominent central stalk flanked by neuron and astrocyte membranes along with a smaller density
(arrowhead) protruding from the neuronal membrane into the dendritic spine head cytoplasm.
Docking of the atomic model of neuroligin1-neurexin-1p complex (PDB 3BIW: neuroligin-1, teal

and neurexin-1p, purple) to our STA density map revealed a good fit. Scale bars = 100 nm.
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Figure 5. Presynaptic architecture in postmortem human DLPFC. Representative 2D slices
from cryo-tomograms (left) and corresponding segmentation (right) of axonal boutons. (a) Two
axonal boutons (lavender) filled with well-defined SVs (blue) and containing a mitochondrion (M,
red). Scale bar = 100 nm. (b) A cluster of SVs in close apposition to the axonal bouton plasma
membrane flanked by a putative SER cisterna (olive green). Scale bar = 100 nm. (¢) Zoomed-in
area of the white box indicated in (b). The SVs appear to be clathrin-coated (CCV, ivory), with
putative triskelion spikes protruding from the SV membranes. Scale bar = 50 nm. (d) Histogram
showing the distribution of mean SV diameters (N=62). (e) Histogram showing distribution of

mean clathrin spike length (N=24).
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Extended Data Figure 1. Overview of cryo-FIB milling scheme. (a) Two trimmed HPF carriers
clipped into autogrid rings loaded into the 45° shuttle. (b) E-beam image of the carrier inside the
dual-beam cryo-FIB chamber. Scale bar = 1 mm. (c) E-beam image of the manual milling scheme.

Scale bar = 100 um. (d) I-beam image of the 8 fabricated thin lamella. Scale bar = 100 um.
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Extended Data Figure 2. Comparation of SV distribution in WT and R6/2 mouse brain. (a) A
representative 2D slice from cryo-tomograms and corresponding segmentation of the subcellular
features of WT mouse CPu, highlighting densely packed SVs (blue) in an axonal bouton
(lavender). (b) A representative 2D slice from cryo-tomograms and corresponding segmentation
of the subcellular features of R6/2 mouse CPu, highlighting diminished SV (blue) density in an

axonal bouton (lavender). Scale bars = 100 nm.

36


https://doi.org/10.1101/2025.03.09.642162
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.03.09.642162; this version posted March 11, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

20 mV|

N ]\/\/L/V 500 ms

100 pA

100 ym

Extended Data Figure 3. Neuronal morphological and electrophysiological properties in
acute brain slices from macaque DLPFC. (a) Morphological reconstruction of a deep layer
pyramidal neuron filled with biocytin during whole-cell patch-clamp recordings. Magenta: apical
dendrite; Purple: cell body and basal dendrites; Blue: axon. (b) Spontaneous excitatory
postsynaptic currents (SEPSCs) recorded in voltage-clamp mode from a pyramidal neuron. (c)
Intrinsic membrane properties recorded in current-clamp mode from the pyramidal neuron in

Panel a.
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Extended Data Figure 4. Myelinated neurons in macaque DLPFC (a) A representative 2D slice

from cryo-tomograms of fresh, unfixed macaque DLPFC illustrating a myelinated axon.
Neurofilaments (Nf) fill the central axon which is wrapped by multiple layers of myelin (My). (b)
Corresponding segmentation of the myelinated axon in Panel a. Neurofilaments (green) fill the
central axon, which is ensheathed by myelin (purple). (c) Zoomed-in view of the neurofilaments

and myelin from Panel b.
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Extended Data Figure 5. The distribution of mean axonal bouton SV diameters in macaque
DLPFC. SV (N = 73) diameters were measured in in situ cryo-tomograms of fresh, unfixed

macaque DLPFC, as represented in a histogram showing diameter distribution.
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Extended Data Figure 6. Fiducial-based orientation of the averaged density relative to

neuron and astrocyte membranes. (a & b) The averaged density with an associated artificial

fiducial is mapped back into the cryo-tomogram (a), and in isolation (b). Note that almost all

particles associated with astrocyte-neuron contact 1 (AN-1) face the astrocyte, while the particles

associated with astrocyte-neuron contact 2 (AN-2) face the spine head (also see Figure 4c). (c &

d) The fiducial-assisted reorientation places the associated artificial fiducial uniformly on the

neuron side facing the spine head, as shown mapped back into the tomogram (c) and in isolation

(d). (e & f) The subtomogram averaged densities corresponding to particle orientations in panels

a and c, respectively. Note the slight asymmetry in the properly oriented density (green) compared

to that of the original non-uniformly oriented density (pink) about the stem. The asymmetry may

result from the reorientation of the particles. Scale bars = 100 nm.
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Extended Data Figure 7. Estimation of resolution of the subtomogram averaged density.
Fourier shell correlation (FSC) curve of subtomogram averaged densities shown in Figure 4e-f.

The gold-standard 0.143 cut-off provided an estimate of ~60 A resolution.
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Extended Figure 8. Docking the atomic model of LRRTM2/neurexin-1f to the subtomogram

averaged density map. Docking the cell adhesion complex LRRTM2 (green)/neurexin-13

(purple) (PDB 5Z8Y) into the subtomogram averaged density map.
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Supplemental Movies

Supplemental Movie 1. In situ cryo-ET of mouse cerebral cortex.

Supplemental Movie 2. In situ cryo-ET of a tripartite synapse in macaque dorsolateral
prefrontal cortex.

Supplemental Movie 3. In situ cryo-ET of presynaptic architecture in postmortem human

dorsolateral prefrontal cortex.
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